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The electrical conductivities of Cu–3at.%Ti alloys aged at 773 K in a hydrogen
atmosphere were investigated as a function of aging time. The electrical conductivity
of the quenched alloy, 5.2% International Annealed Copper Standard (IACS),
improved with aging time to 66% IACS after 48 h. This was mainly caused by the
dilution of the Cu–Ti solid solution in the alloy, which is supported by the fact that the
lattice parameter of the face-centered cubic (fcc) phase approaches that of pure Cu by
aging in a hydrogen atmosphere.
I. INTRODUCTION
Materials for electrical products such as lead frames
and connectors are required to have both high strength
and good electrical conductivity. Copper (Cu)-based al-
loys, which are usually alloyed with elements of low
solubility to meet a specified mechanical strength, are
widely used for applications that require high electrical
conductivity. The strength is normally achieved by pre-
cipitation hardening. Among representative Cu alloys ex-
hibiting such phenomenon, copper–beryllium (Cu–Be)
alloys have been commercially applied because of their
excellent combination of strength and electrical con-
ductivity.1 However, health hazards associated with Be
have posed considerable concern, and substitution for the
Cu–Be alloys is sought. As a candidate material, copper–
titanium (Cu–Ti) alloys containing approximately 1–
6 at.% Ti are attractive because their mechanical and
physical properties were found to be comparable to those
of the Cu–Be alloys with higher wear resistance and
superior stress relaxation behavior.2–4 However, the elec-
trical conductivity of the alloys falls somewhat below
that of the Cu–Be alloy, which is caused by the solution
of Ti in the Cu solid-solution (Cuss) phase with a face-
centered cubic (fcc) structure.5 From a practical view-
point, therefore, a way to enhance the electrical conduc-
tivity of the Cu–Ti alloys is much needed.
It has been generally recognized that Cu has poor re-
activity with hydrogen (H), while Ti exhibits high affin-
ity. These facts, accordingly, led us to propose that a
hydrogenation of Cu–Ti alloys would influence their
microstructure, thereby resulting in a change in proper-
ties. In this respect, aging in a hydrogen atmosphere is a
possible method to improve both the electrical and me-
chanical properties of Cu–Ti alloys, since it will give rise
to precipitation hardening, which will result in the reac-
tion between solute Ti and hydrogen, giving rise to the
dilution of the Cuss phase. Therefore, in the present
study, we applied aging in a hydrogen atmosphere to
quenched Cu–3at.%Ti alloys and investigated their ef-
fects on their electrical conductivity.
II. EXPERIMENTAL PROCEDURES
On the basis of the Cu–Ti binary phase diagram,6 but-
ton ingots of the Cu–Ti alloys with nominal composition
ranging from 0 to 3.5 at.% were prepared by arc melting
in an argon atmosphere, using 99.99% Cu and 99.99%
Ti. The obtained ingots were annealed at 1123 K for
72 h in a vacuum atmosphere for homogenization, fol-
lowed by cold rolling and cutting into plates measuring
about 30 × 8 × 0.8 mm3. The plates were then solution
treated at 1173 K for 3 h and quenched in ice water.
Immediately after quenching, they were aged. Hydroge-
nation was carried out by placing them in a SiO2 capsule
about 200 mm long and 10 mm inner diameter together
with 3 g of TiH2 powder, respectively. The capsule was
annealed at 773 K for 0.5–48 h to equilibrate the Cu–Ti
alloy specimen with hydrogen gas released from TiH2
powder, followed by air cooling to room temperature.
When the amount of TiH2 powder was 3 g, hydrogen
pressure in the capsule was estimated to be approxi-
mately 0.1 MPa.
The electric resistivity, , of the alloy was measured
using a standard four-probe technique, which was con-
verted to the electrical conductivity, . To obtain struc-
tural information of the quenched and aged alloys, we
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carried out x-ray diffraction (XRD) analysis using a
X’pert MPD (PANalytical, Almelo, The Netherlands)
system with a Cu target (wavelength 0.15418 nm) in the
Bragg–Brentano geometry. The lattice parameters were
determined by extrapolating the measured values ob-
tained from the XRD profiles to   90° as a function of
the Nelson–Riley function.7 The microstructure of the
aged alloy was investigated by transmission electron
microscopy (TEM) using JIM-2000FX (JEOL, Tokyo,
Japan) operating at 200 kV. The TEM sample was cut
from the alloy plate and electropolished in a solution of
5.0% HNO3 in methanol at 243 K, followed by a low-
angle ion milling.
III. RESULTS AND DISCUSSION
Figure 1 shows the electrical resistivity and conduc-
tivity of the quenched Cu–Ti alloys. Here, the electrical
conductivity is exhibited in the unit of “% IACS,” which
means a percentage for the electrical conductivity of an
international annealed copper standard, 6.0 × 107 /m. In
the quenched Cu–Ti alloys, the relative electrical resistivity
exhibits an increase with the Ti content of the alloy (or
equivalently the electrical conductivity decreases with it).
Figure 2 shows the electrical conductivity of the Cu–
3at.%Ti alloys aged at 773 K in a hydrogen atmosphere
and in a vacuum, as a function of aging time. The elec-
trical conductivity of the Cu–3at.%Ti alloy increased
from 5.2% to 14% IACS by aging in a vacuum for a few
hours and then saturating to a value of about 18% IACS.
On the other hand, the electrical conductivity of the alloy
aged in the hydrogen atmosphere shows a gradual in-
crease up to more than 20% IACS within a few aging
hours and then an abrupt increase up to 66% IACS after
48 h. These results demonstrate that aging in a hydrogen
atmosphere effectively enhances the electrical conductiv-
ity of the alloys compared with aging in a vacuum.
Figure 3(a) shows an electron diffraction pattern taken
from near [112]Cu zone axis of Cu–3at.%Ti alloy aged at
773 K for 48 h in the hydrogen atmosphere, together with
a schematic diagram [Fig. 3(b)]. The pattern agrees with
superposition of spots arising from Cuss and from TiH2,
both of which have an fcc structure, and from Cu4Ti with
a body-centered tetragonal structure8 as indexed in Fig.
3(b), suggesting that the aged alloy consists of the Cuss
matrix and the TiH2 and Cu4Ti precipitates.
Figure 4(a) shows the enlarged XRD profiles around
331 reflection of the Cuss phase of the alloys quenched
and aged at 773 K in the hydrogen atmosphere for 3,
12, and 48 h [Figs. 4(b), 4(c), and 4(d), respectively]. By
comparing these XRD profiles, it is obvious that the
FIG. 1. Relative resistivity and electrical conductivity of quenched
Cu–Ti alloys. The relative resistivity of the alloys (filled square) lin-
early increases with the Ti content of the alloy. (Strictly describing, it
would parabolically increase with the Ti content, following the Nord-
heim’s rule8). The electrical conductivity of the alloy (closed circle) is
the inverse of the electrical resistivity, showing that it decreases with
the Ti content.
FIG. 2. Variation of electrical conductivities of Cu–3at.%Ti alloy with
aging at 773 K in a hydrogen atmosphere under about 0.1 MPa, and in
a vacuum atmosphere. The electrical conductivity of the alloy aged in
the hydrogen atmosphere increases significantly with time, whereas
the electrical conductivity of the alloy aged in the vacuum atmosphere
is saturated at about 18% IACS.
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peak position shifts to higher angles with aging time,
suggesting that the lattice parameter of the Cuss phase
decreases. Figure 5 shows Nelson–Riley plots for the
Cuss phase in Cu–3at.%Ti alloy aged alloys in the hy-
drogen atmosphere and a vacuum atmosphere for 48 h,
exhibiting that the fitted lattice parameters are 0.3618
and 0.3621 nm, respectively. The lattice parameters of
the Cuss phase in the quenched Cu–Ti alloys were also
estimated by Nelson–Riley plots and are summarized in
Fig. 6. First, it clearly shows that the lattice parameter of
Cuss phase in the quenched Cu–Ti alloys increases al-
most lineally with the Ti content. This indicates that the
Cuss phase expands with the increase of the solute Ti,
which is in accord with the Vegard’s law. Second,
focusing on the Cu–3at.%Ti alloy, it can be estimated
that the lattice parameter decreased from 0.3629 to
0.3621 nm after aging in a vacuum atmosphere for 48 h.
This implies that the Ti content in the Cuss phase of the
alloy decreased from 3 to about 1 at.%, suggesting that
the alloy is fully aged and reached the equilibrium state.6
On the other hand, the lattice parameter of the Cuss phase
in the alloy aged in the hydrogen atmosphere for 48 h
was calculated to be 0.3618 nm, suggesting that the
amount of solute Ti in the Cuss phase is now around 0.5
at.%. Hence, we may conclude that the Ti solute concen-
tration in the Cuss phase is more significantly reduced by
aging in the hydrogen atmosphere than in the vacuum.
It has been generally accepted that the electrical con-
ductivity of the material depends on its structure. When
the material has a microstructure with a precipitation
phase in a matrix without serious lattice defects, its elec-
trical resistivity, (m), is given approximately by
 = mVfm + pVfp , (1)
FIG. 4. (a) Enlarged XRD profiles around the peaks arising from 331
reflection of Cu solid-solution phase in Cu–3at.%Ti alloys as quenched,
and aged at 773 K in a hydrogen atmosphere for (b) 3 h, (c) 12 h, and (d)
48 h, showing the peak positions shift to higher angles in longer aging time.
FIG. 3. (a) Electron diffraction pattern taken from [112]Cu zone axis of the Cu–3at.%Ti alloy aged at 773 K for 48 h in a hydrogen atmosphere
under about 0.1 MPa. (b) Schematic diagram of Fig. 3(a), showing the position of the diffraction spots: those from Cu phase are marked by closed
circles, from TiH2 phase by open circles and from Cu4Ti phase by open diamonds. Smaller open circles and diamonds in Fig. 3(b) are assigned
to double diffractions by TiH2 and Cu4Ti, respectively.
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where m and p are the electrical resistivity of the matrix
and precipitation phases, and the Vfm and Vfp are the
volume fraction of the matrix and precipitation phases,
respectively. In addition, when an element dissolves in a
pure metal, the increase in electrical resistivity of the
solid solution is given by the following Nordheim’s
equation9:
 = ACi 1 − Ci , (2)
where Ci is the atomic composition of the solute element
and A is a relative resistivity depending on the solute
element on the host metal. From our result shown in
Fig. 1, A is estimated to be about 10 × 10−8 m/at.% Ti,
which agrees well with the reported value of 9 to 12 ×
10−8 m/at.%.10 On the basis of these equations and the
Cu–Ti phase diagram, the electrical conductivity of the
Cu–3at.%Ti alloy fully aged at 773 K in a vacuum
atmosphere is estimated to be less than 18% IACS, which
is consistent with our result shown in Fig. 2.
The behavior of the electric conductivity of Cu–
3at.%Ti alloy aged in a hydrogen atmosphere can also be
explained by microstructural changes: after quenching
the alloy is composed of only the supersolute Cuss phase,
and then small amounts of TiH2 and Cu4Ti are precipi-
tated in the phase by aging. Therefore, it can be stated
that the electric property of the aged alloy is dominated
by Eq. (1). Furthermore, according to Eq. (2), the electric
property of the Cuss phase depends on the amount of
solute Ti due to the higher relative resistivity of the Ti
element in Cuss phase. The solubility change causes a
change of the lattice parameter, and our results of Figs. 5
and 6 suggest that it decreases more efficiently by aging
in a hydrogen atmosphere than in a vacuum atmosphere.
This is because of the formation of the TiH2 phase.
Therefore, we can suggest that aging the Cu–3at.%Ti
alloy in a hydrogen atmosphere leads to the decrease
of the Ti content in the Cuss phase to a value less than 1
at.%, resulting in enhancement of the electrical conduc-
tivity.
To summarize, we have demonstrated that the use of
hydrogen is a promising method to develop a conductive
Cu–Ti alloy. The enhancement of the electron conduc-
tivity on the alloy aged in a hydrogen atmosphere is
mainly explained by the dilution of the Cuss phase, while
further studies regarding the microstructure of the alloys
are required to understand this finding.
FIG. 5. Nelson–Riley plots for Cu solid-solution phase in the Cu–
3at.%Ti alloys aged at 773 K for 48 h in a hydrogen atmosphere and
in a vacuum atmosphere. The lattice parameters of the Cu phase are
estimated to be 0.3618 and 0.3621 nm for the alloys aged in a hydro-
gen atmosphere and a vacuum atmosphere, respectively, from the y-
axis intercept. The errors of the lattice parameters were speculated to
be less than 0.0001 nm from the deviation of the plots.
FIG. 6. Lattice parameters of Cu solid solution in Cu–Ti alloys
quenched and aged at 773 K for 48 h in a hydrogen atmosphere and in
a vacuum atmosphere. The lattice parameter of the Cu phase in
quenched Cu–Ti alloys (closed circle) almost linearly increases with
Ti content. The lattice parameter of the Cu phase in the Cu–3at.%Ti
alloy after full aging in a vacuum (opened diamond) is near to the
value of the Cu phase with the Ti content of 1 at.%. On the other hand,
the lattice parameter aged in the hydrogen atmosphere for 48 h (closed
diamond) corresponds to the value of Cu phase with the Ti content of
0.5 at.%.
S. Semboshi et al.: Effect of aging in hydrogen atmosphere on electrical conductivity of Cu–3at.% Ti alloy
J. Mater. Res., Vol. 23, No. 2, Feb 2008476
IV. SUMMARY
In the present study, the influence of aging in a hy-
drogen atmosphere on the electrical properties of Cu–
3at.%Ti alloy was investigated. Aging at 773 K in the
hydrogen atmosphere has led to the improvement of the
electrical conductivity up to 20% IACS right after a few
hours annealing and to a value more than 65% IACS after
48 h, which is much greater than the value obtained for
the alloy aged in a vacuum atmosphere. It is also found
that aging in the hydrogen atmosphere leads to an effi-
cient decrease of the lattice parameter of Cu solid solu-
tion and allows a more significant decrease of the Ti
concentration compared with aging in a vacuum atmos-
phere. We, therefore, conclude that aging in a hydrogen
atmosphere promotes the dilution of Ti in the Cu solid-
solution phase, resulting in a significant improvement of
electrical conductivity.
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